Dark Stars (DS) are stellar objects made (almost entirely) of ordinary atomic material but powered by the heat from Dark Matter (DM) annihilation (rather than by fusion). Weakly Interacting Massive Particles (WIMPs), among the best candidates for DM, can be their own antimatter and can accumulate inside the star, with their annihilation products thermalizing with and heating the DS. The resulting DSs are in hydrostatic and thermal equilibrium. The first phase of stellar evolution in the history of the Universe may have been dark stars. Though DM constituted only < 0.1% of the mass of the star, this amount was sufficient to power the star for millions to billions of years. Depending on their DM environment, early DSs can become very massive (> 10 6 M ), very bright (> 10 9 L ), and potentially detectable with the James Webb Space Telescope (JWST). Once the DM runs out and the dark star dies, it may collapse to a black hole; thus DSs can provide seeds for the supermassive black holes observed throughout the Universe and at early times. Other sites for dark star formation exist in the Universe today in regions of high dark matter density such as the centers of galaxies. The current review briefly discusses DSs existing today but focuses on the early generation of dark stars.
Introduction
Dark Stars (DS) are stellar objects powered by the heat from Dark Matter (DM) annihilation. We will focus on the DS that may have been the first stars to form in the history of the Universe, and briefly discuss DS that may exist today.
The first stars formed when the Universe was roughly 200 million years old, at redshifts z ∼ 10 − 50. We will show that these first stars, which form in a dark matter rich environment, may have been Dark Stars, powered by dark matter heating rather than by fusion for millions to billions of years. Only after the dark matter fuel was exhausted could fusion take over as the power source inside stars ‡.
Weakly Interacting Massive Particles (WIMPs) are thought to be the best motivated dark matter candidates. Many WIMPs are their own antiparticles, and if present in thermal abundance in the early Universe, annihilate with one another so that a predictable number of them remain today. The relic density of these particles is Ω χ h 2 = (3 × 10 −26 cm 3 /sec)/ σv ann (1) where Ω χ is the fraction of the energy density in the Universe today in the form of WIMPs and h is the Hubble constant in units of 100km/s/Mpc. With the simple assumption that the annihilation cross section σv ann is determined by weak interaction strength, then WIMPs automatically produce roughly the correct dark matter density today, ∼ 25% of the total content of the Universe [1, 2] . This coincidence is known as "the WIMP miracle" and is the reason why WIMPs are taken so seriously as DM candidates. The Universe as a whole consists of roughly 5% ordinary atomic material, ‡ The largest supermassive dark stars may bypass fusion altogether and collapse directly to black holes.
25% dark matter, and 70% dark energy §. There is a second reason for the interest in WIMPs as dark matter candidates: WIMPs automatically exist in particle theories designed to solve problems that have nothing to do with dark matter. Supersymmetric (SUSY) extensions of the standard model of particle physics predict the existence of new partners for every particle in the standard model, and the lightest of these would be dark matter candidates. In particular, an excellent WIMP candidate is the lightest neutralino in the Minimal Supersymmetric Standard Model. Models of extra dimensions may also have WIMP dark matter candidates in the theories. The same annihilation process that took place throughout the early Universe continues in those locations where the dark matter density is sufficiently high for WIMPs to encounter one another and annihilate. The first stars to form in the Universe are a natural place to look for significant amounts of dark matter annihilation, because they formed "at the right place and the right time": they formed early (when the Universe was still substantially denser than it is today), and at the high density centers of dark matter haloes.
The formation of large scale structures in the Universe -the galaxies and clusterstook place via a process known as hierarchical clustering. As the dominant component of the mass in the Universe, dark matter drove the dynamics of this formation of structure. Small (sub-Earth-sized) clumps formed first; then these merged together to make larger structures; and eventually these merged yet further to produce the galaxies and clusters we see today. These clumps of various sizes, known as "dark matter haloes," are spheroidal (prolate or triaxial) objects containing 85% dark matter and 15% atomic matter. The remainder of the universe, the dark energy, does not respond to the attractive force of gravity and instead produces an accelerated expansion of the Universe; dark energy played no role in the formation of the first stars.
At the time of the formation of the first stars, the atomic matter in the Universe consisted only of hydrogen, helium, and a smattering of lithium -the products of primordial nucleosynthesis that took place 3 minutes after the Big Bang. All the other more complex elements were only able to form later, as the products of fusion in stars.
Once dark matter haloes about a million times as massive as the Sun (10 6 M ), known as 'minihaloes' , were able to form, the conditions were ripe for the formation of the first stars, known as Population III stars. The virial temperatures of minihalos led to molecular hydrogen cooling that allowed a protostellar cloud to start to collapse towards the center of the halo. Reviews of the standard picture of the formation of the first stars, without taking into account the role of dark matter, include Ref. [4, 5, 6, 7, 8, 9] .
It was the idea of some of the authors of this review to ask, what is the effect of the DM on these first stars? We studied the behavior of WIMPs in the first stars, and found that they can radically alter the stars' evolution [10] . The annihilation products of the dark matter inside the star can be trapped and deposit enough energy to heat the star and prevent it from further collapse. A new stellar phase results, a "Dark Star", powered by DM annihilation as long as there is DM fuel, for possibly millions to billions of years. The DM -while only a negligible fraction of the star's mass -provides the key power source for the star through DM heating. Note that the term 'dark' refers to the power source, not the material or the appearance of the star. Early DSs are stars made primarily of hydrogen and helium with a smattering of dark matter; typically less than 0.1% of the mass consists of DM. Yet, DS shine due to DM heating.
In the past few years, we have done extensive studies of the stellar structure and evolution of DSs. Dark stars are born with masses ∼ 1M and then grow to much larger masses. They are giant, puffy (10 AU), and cool (surface temperatures ∼ 10, 000K) objects [11] . Since the DS reside in a large reservoir of baryons (15% of the total halo mass), the baryons can start to accrete onto the DSs. Our work [11, 12, 13] followed the evolution of DS from their inception at ∼ 1M , as they accreted mass from their surroundings to become supermassive stars, possibly as large as 10 7 M . We now have used two different approaches in studying the evolution of dark stars. In our initial studies, we assumed that the star can be described as a polytrope with the relationship between pressure P and density ρ at a given radius determined by the polytropic index n,
where the "constant" K is determined, once we know the total mass and radius [14] .
More recently, we have used MESA, a fully-fledged 1D stellar evolution code which allows us to solve the stellar structure equations self-consistently, without any a priori assumptions on the equation of state. Remarkably, our findings [15] show that the previous results using polytropes roughly match (up to factors of 2) the more accurate results using MESA. However, there are some differences between the results of MESA and previous polytropic models in the details, with positive implications for observability of dark stars, as we will discuss below. DSs are stable as long as there is DM to fuel them. Indeed, as long as there is a reservoir of DM to heat the DS, the star continues to grow. There are two main methods for sustaining DM fuel: (1) gravitational attraction of dark matter particles on a variety of orbits (extended adiabatic contraction) and (2) capture by atomic nuclei due to elastic scattering. The key ingredient that allows DSs to grow so much larger than ordinary fusion-powered Population III stars is the fact that DSs are so much cooler. Fusion-powered Pop III stars have much larger surface temperatures in excess of 50,000K. They produce ionizing photons that provide a variety of feedback mechanisms that cut off further accretion. In Ref. [16] , it was estimated that the resultant Pop III stellar masses are ∼ 140M . DSs are very different from fusion-powered stars, and their cooler surface temperatures allow continued accretion of baryons all the way up to enormous stellar masses.
Supermassive DS can grow as large as 10 7 M with luminosities up to 10 11 L . Thus they should be observable with the James Webb Space Telescope (JWST), the successor to the Hubble Space Telescope, which is expected to be launched in 2018. It is an exciting prospect that an entirely new type of star may be discovered in these upcoming data.
Once DS run out of dark matter fuel, they start to collapse and can become hot enough for fusion to kick in. In the case of the heaviest DS, the supermassive DS may collapse directly to black holes. In either case, whether or not there is a brief period of fusion, the final end state of most DS will be black holes of masses up to 10 7 M . These black holes, that are the remnants of DS, serve as seeds for the many supermassive black holes throughout the Universe, including those at the centers of galaxies and in AGNs in the early Universe. Some may also become intermediate black holes that have been recently discovered.
For a short list of papers by various other authors that have continued the work of [10] and explored the repercussions of DM heating in the first stars, see [17, 18, 19, 20, 21, 22, 23, 24] . Their potential observability has been discussed in [13, 25, 26] .
The investigation of the effect of DM on stars (in the present day Universe) dates back to [27] , which studied the impact of massive neutrinos on galaxies and stars. The first paper discussing DM annihilation in stars was by [28] . The first papers suggesting searches for annihilation products of WIMPs in the Sun were by [29] ; and in the Earth by [30] as well as [31] . Implications of annihilation for stellar evolution were first explored by Salati & Silk [32] and Bouquet & Salati [33] . References [28, 34, 35] first studied the effect of DM energy transport upon the Sun. There was a proposal to solve the solar neutrino problem [35, 34] by using "cosmions," an idea no longer pursued. Our Sun is 24,000 light years away from the center of our Galaxy -too far away to be powered by DM annihilation, though experimenters are searching for the products (particularly neutrinos) of the annihilation of the small amounts of DM captured by the Sun.
DM heating can also dramatically affect stars at the galactic center, where DM densities can be orders of magnitudes larger then found locally. [32, 36] were the first to carefully study the effects of dark matter on stars at the galactic center. More recently, the effect on today's stars has been re-examined under the assumption that DM is made of WIMPs [37, 38, 39, 40] or within the hypothesis of inelastic dark matter [41] . Scott, Edsjo, and Faribairn [42] have written the DarkStars code: a publicly available dark stellar evolution package. Refs. [37, 39] looked at DM heating in white dwarfs, and neutron stars, at the galactic center and in globular clusters, often referred to as "WIMP Burners."
In this review, we will focus on the effect of DM on the first stars with a brief discussion of dark stars today. This same WIMP annihilation process that powers DS is also the basis for DM indirect detection searches. Currently, there are several observations of excess gamma-rays (particularly from the FERMI Space Telescope [43, 44] ) that may point to a dark matter annihilation origin. Some have argued that excess positrons (seen in HEAT [45] , PAMELA [46] and AMS [47, 48] ) may also be due to DM annihilation, but some of have found severe bounds on this interpretation [49] ; the origin is likely some other astrophysical source.
The organization of this review is as follows: In Section 2, we review the three criteria required for the initial formation of dark stars: high dark matter density inside the stars, the trapping of DM annihilation products inside the stars, and DM heating dominating over all other cooling and heating mechanisms inside the stars. In Section 3, we discuss the accretion of mass onto the initial DSs, thereby building up their mass. Next we illustrate in Section 4 the equilibrium structure of the DSs. We begin with the basic equations, both for the polytropic approach and using MESA. We discuss the energy sources, in turn dominated by DM annihilation, gravity, fusion, and finally captured DM. A key ingredient in DSs is the dark matter density, so we discuss the initial density profile as well as the adiabatic contraction and capture that can bring more DM into the star. In Section 5, we review the results of the stellar structure analysis, including figures showing our results: the luminosity evolution, the Hertzsprung-Russell diagram, and the baryonic and DM density profiles inside the DS. We also here respond to a critique: we point out that we agree that the initial DS are quite dense, beyond the resolution of any existing simulations of protostellar collapse; and we discuss issues of fragmentation. Then, in Section 6 we show that JWST should be able to discover supermassive DS (more massive than ∼ 10 6 M ). As shown in Section 7, a new avenue of detectability would be stellar pulsations of DS, some having frequencies in the observers' frame of the order of months. As discussed in Section 8, the final end product of DSs will be black holes (BH), including seeds for the supermassive BH observed throughout the Universe and found even at early times. In addition, we discuss constraints on BH with DM spikes around them residing within our Galaxy today, due to γ-rays detectable by the Fermi Gamma Ray Space Telescope. A very brief review follows in Section 9 on dark stars in the present Universe. Finally, we end with a conclusion in Section 10.
Initial Formation of Dark Stars: Three Criteria for Dark Matter Heating
The WIMP annihilation rate is n 2 χ σv where n χ is the WIMP number density. We take the standard annihilation cross section (the value that produces the correct DM abundance in the Universe today)
and consider WIMP masses in the range m χ = 10 GeV − 1 TeV. WIMP annihilation produces energy at a rate per unit volumê
where ρ χ is the WIMP mass density. As our canonical case we take m χ = 100 GeV, but we also studied a wide range of possible WIMP masses. Since the DM heating scales asQ DM ∝ σv /m χ , by studying a variety of WIMP masses we are effectively studying a comparable range of annihilation cross sections. The existence of dark stars is essentially insensitive to either the WIMP mass or the cross-section, within many orders of magnitude: for smaller annihilation cross-sections (or equivalently larger WIMP masses), the initial DS mass would be slightly smaller, but would quickly grow to look similar to the DS in the case of higher cross-section or lighter WIMP mass. Ref. [10] (hereafter Paper I) outlined the three key ingredients for DSs: 1) high dark matter densities, 2) the annihilation products become trapped inside the star, and 3) DM heating wins over other cooling or heating mechanisms. These same ingredients are required throughout the evolution of the DSs, whether during its formation or during its main evolutionary phase.
First criterion: high dark matter density inside the star. One can see from Eq.(4) that the DM annihilation rate scales as WIMP density squared, because two WIMPs must find each other to annihilate. Thus, the annihilation is significant wherever the density is high enough. Dark matter annihilation is a powerful energy source in these first stars (and typically not in today's stars) because the dark matter density is high. First, DM densities in the early Universe were higher by (1 + z) 3 . Second, the first stars form exactly in the centers of DM haloes where the densities are high. (Most of today's stars, by contrast, are scattered throughout the disk of the galaxy where the DM density is low; few are situated at the Galactic Center where the DM density is high). Third, a further DM enhancement takes place in the center of the halo: as the protostar forms, it deepens the potential well at the center and pulls in more DM as well. As discussed in further detail below, we have computed this enhancement in several ways. Initially, in Paper I we used the simplistic Blumenthal method of adiabatic contraction (see also [50] ), and found the following approximation on how the DM density follows the (baryonic) gas density n h , due to adiabatic contraction,
We then confirmed that our results were correct to within a factor of two when we performed an exact calculation in [51] . Plugging this result of Eq. (5) into Eq.(4), we find that WIMP annihilation produces energy at a rate per unit volume roughly given bŷ
In performing our calculations, we do not use this approximation but instead use adiabatic contraction to follow the DM density more accurately. Fourth, at later stages, we also consider an additional source of DM in the star due to capture of atomic nuclei.
As discussed further below, as DM from the halo passes through the DS, some WIMPs scatter off nuclei and are captured into the DS, see [52, 18] . We assume for our standard case that the DM density inside the 10 6 M DM halo initially has an NFW profile [53] for both DM and gas, which has substantial DM in the center of the halo. However, our results do not depend on this choice of initial DM profile. Indeed, for comparison we even took the extreme case of a flat Burkert profile at the center of the halo, which is not thought to be realistic, and still found a sufficiently enhanced DM density to produce a DS; see [51] . We also note that recent simulations in [54] indicate that observations of cored profiles in some galaxies today could still be consistent with cuspy early haloes: supernovae and other feedback could be responsible for reducing the central densities of haloes today, while early haloes (such as those where DS formed) could have had NFW profiles.
Second criterion: dark matter annihilation products become trapped inside the star. In the early stages of first star formation, when the gas density is low, most of the annihilation energy is radiated away [55] . However, as the gas collapses and its density increases, a substantial fraction f Q of the annihilation energy is deposited into the gas, heating it up at a rate f QQDM per unit volume. The annihilation products typically are electrons, photons, and neutrinos. While neutrinos escape from the cloud without depositing an appreciable amount of energy, electrons and photons can transmit energy to the core. We have computed estimates of this fraction f Q as the core becomes more dense. Once n ∼ 10 11 cm −3 (for 100 GeV WIMPs), electrons and photons are trapped and we can take
Most of the annihilation energy is then trapped inside the collapsing gas, thermalizes with it, and provides a heat source for the resulting dark star. Third Criterion: DM heating is the dominant heating/cooling mechanism in the star. We find that, for a WIMP mass of m χ = 100 GeV (1 GeV), a crucial transition takes place when the gas density reaches n > 10 13 cm −3
(n > 10 9 cm −3 ). Above this density, DM heating dominates over all relevant cooling mechanisms, the most important being H 2 cooling [56] . Figure 1 shows evolutionary tracks of the protostar in the temperature-density phase plane with DM heating included [57] , for two DM particle masses (10 GeV and 100 GeV). Moving to the right on this plot is equivalent to moving forward in time. Once the black dots are reached, DM heating dominates over cooling inside the star, and the proto-DS phase begins. The protostellar core slows down its collapse. The size of the core at this point is ∼ 17 A.U. and its mass is ∼ 0.6M for 100 GeV mass WIMPs. The proto-DS collapses somewhat further ¶. Eventually, above a certain baryonic density threshold, which depends on the WIMP mass, the annihilation products that remain trapped in the star thermalize and provide a heat source for hydrostatic and thermal equilibrium: a new type of object is created, a DS supported by DM annihilation rather than fusion.
One can see "the power of darkness:" although the DM constitutes a tiny fraction (< 10 −3 ) of the mass of the DS, it can power the star (see also Section 5). The reason is that WIMP annihilation is a very efficient power source: 2/3 of the initial energy of the WIMPs is converted into useful energy for the star, whereas less than 1% of baryonic rest mass energy is useful to a star via fusion. ¶ Actually simulations would be required to follow the exact onset of the DS. This is an important project for the future. 
Building up the Mass
Once a dark star is born, with an initial mass ∼ 1M , it accretes mass from the surrounding medium and grows as long as the dark matter fuel persists. We have studied the growth of the DS by finding its equilibrium stellar structure at every step as we build up the DS mass all the way from its initial value to a final supermassive scale ∼ 10 7 M . As the initial conditions for our simulations, we take a DS in which the baryons are fully ionized. We have run models for a variety of accretion rates of baryons onto the star including constant accretion rates ofṀ = 10 −1 , 10 −2 , 10 −3 M /yr, as well as variable accretion rates. n this review, we will focus for specificity on the case where dark stars are accreting matter at a (constant) rate ofṀ = 10 
Although not discussed in this review, we also studied a second case, labeled 'LMH,' in which we considered DS which are accreting at a higher rate ofṀ = 10
a larger host halo of 10 8 M with a formation redshift of z = 15,
The results for this case can be found in our series of papers for both the polytropic approximation [11, 12, 13] and using the MESA stellar evolution code [15] .
Equilibrium Structure of the Dark Star
As the mass increases, the DS radius adjusts until the DM heating matches its radiated luminosity. In this section, we describe the basic equations and their implementation using both of our approaches -our earlier polytropic models and our later 1-D stellar structure (MESA) models.
Basic Equations
In a numerical code for stellar structure, one key requirement is the hydrostatic equilibrium of the star. This is imposed at each time-step during the accretion process,
where P denotes the pressure, ρ(r) is the total density and M r is the mass enclosed in a spherical shell of radius r. Polytropic approach: As mentioned in the introduction, in our initial studies, we assumed that the star can be described as a polytrope as in Eqn.(2), P = Kρ 1+1/n . We found that the energy transport is initially convective with polytropic index n = 3/2, but as the star approaches the Zero Age Main Sequence (ZAMS) it becomes radiative with n = 3. The code interpolates between n = 3/2 and n = 3 to account for the shift in energy transport as the star grows in mass. This transition happens around (100 − 400)M , after which DS are radiative, following (n = 3)-polytropes. We can determine the temperature at each point in the radial grid via the equation of state of a gas-radiation mixture,
Here k B is the Boltzmann constant, m u is the atomic mass unit and µ = (2X + 3/4Y )
is the mean atomic weight. In all resulting models T ∼ > 10 4 K except near the surface, so we use the mean atomic weight for fully ionized H and He. We assume a H mass fraction of X = 0.76 and a He mass fraction Y = 0. 24 At each point in the radial grid, T (r) and ρ(r) are used to determine the Rosseland mean opacity κ from a zero metallicity table from OPAL [58] , supplemented at low temperatures by opacities from [59] for T < 6000 K. The location of the photosphere is determined by the hydrostatic condition
where g is the acceleration due to gravity at that particular location. This corresponds to a point with inward integrated optical depth τ ∼ 2/3; here the local temperature is set to T eff and the stellar radiated luminosity is therefore
with R * being the photospheric radius. The thermal equilibrium condition is
where L tot is the total luminosity output from all energy sources as described below in Sec.4.2.
Starting with a mass M and an estimate for the outer radius R * , the code integrates Eqns. (10) and (11) outward from the center. The total luminosity output L tot is compared to the stellar radiated luminosity, as in Eq. (13) and the radius is adjusted until the condition of thermal equilibrium is met (a convergence of 1 in 10 4 is reached). To reiterate, we find that, initially, the DSs are in convective equilibrium; from (100−400)M there is a transition to radiative (polytropic n=3) case.
Stellar evolution using MESA: In the MESA stellar code + , the equilibrium equations are built in, as are opacities and tabulated equation-of-states, see [60, 61] . In MESA, an initial model is specified by the (stellar) mass, a uniform composition, a luminosity, and a central temperature T c low enough to prevent nuclear burning. Then, the total mass depends only on the central density, ρ c . The initial guess for ρ c assumes an n = 3/2 polytrope, as for a fully convective star, albeit this assumption is relaxed in the subsequent search for a pre-main-sequence model, by using MESA's routines for solving the equations of stellar structure, equation of state, and MLT (mixing-length theory) for the treatment of convection, in order to find the ρ c for the corresponding mass. In MESA, the star grows by accreting material at a user-specified rate, according to our choice in Eqn. (8) and (9) . The accreted material is set to have the same entropy as the surface layers of the model, so the accretion does not directly heat the surface. In order to study the effect of DM heating, we have used MESA's other_energy_implicit interface to include the energy deposited in the model due to DM annihilation. This extra energy is added self-consistently during each time step, in the same way that energy due to nuclear reactions would be. We note that, for our MESA models, we assume that DM is replenished due to a continuous infall of DM on centrophilic orbits within the minihalo. Thus, we adopt the same assumption as in [13] , the reference on which we have based our comparison between MESA's results and polytropes. Detailed results of our calculations and comparison to the polytropic models are published in [15] , a summary of which is presented in Section 5. Work is in progress to include into MESA the effects of DM capture via nuclei in the dark star, as well as nuclear fusion. The results of this analysis will be presented in a future publication.
Energy Sources
There are four possible contributions to the DS luminosity:
from DM annihilation, gravitational contraction, nuclear fusion, and captured DM, respectively. The heating due to DM annihilation dominates from the time of DS formation until the DM runs out.
where m χ is the mass of the DM particle, ρ DM is the ambient dark matter density inside of the star calculated via adiabatic contraction (which will be depleted unless the loss cone is refilled). Here σv is the annihilation cross section with units of cm 3 sec −1 . Adiabatic contraction is discussed in 4.3.2 and the initial DM density profile is discussed in 4.3.1.
Once the DM runs out, the star contracts in order to maintain pressure support, and the DS phase is over. The contribution L grav due to gravitational energy release briefly powers the star. Then, as the star contracts, the density and temperature increase to the point where nuclear fusion begins. We include deuterium burning starting at 10 6 K, hydrogen burning via the equilibrium proton-proton cycle (Bahcall 1989), and helium burning via the triple-alpha reaction (Kippenhahn & Weigert 1990).
As the star goes onto the main sequence, the stellar densities become large enough to efficiently capture DM. WIMPs from far out in the halo have orbits passing through the star. The DM can then scatter of hydrogen and helium and lose enough energy to become bound to the star. In short order the DM thermalizes with the star. The captured DM forms a Boltzmann distribution ρ cap inside of the star. The captured DM's annihilation rate will equal the capture rate with
and again f Q = 2/3. Owing to the stars' more compact shape, DSs powered by captured DM are much hotter and denser than those powered by gravitationally captured DM.
Dark Matter Densities
4.3.1. Initial Profile The first stars form inside ∼ 10 6 M haloes. As mentioned above, there is still some uncertainty about the exact inner slope of a DM halo [62, 63, 64] . In this paper, we use a Navarro, Frenk, & White (NFW) profile [53] for concreteness (as mentioned above, some of us [51] showed that a DS results regardless of the details of the initial density profile, even for the extreme and unrealistic case of a cored Burkert profile). We assume that initially both the baryons (15% of the mass) and the DM (85% of the mass) can be described with the same NFW profile
where ρ 0 is the "central" density and r s is the scale radius. Clearly at any point of the profile, baryons will only make up 15% of the mass. The density scale, ρ 0 can be re-expressed in terms of the critical density of the Universe at a given redshift, ρ c (z) via
where c ≡ r vir /r s is the concentration parameter and r vir is the virial radius of the halo. We considered a variety of values for the concentration parameter for the polytropic case and found little dependence. For the MESA calculation, we choose a canonical value of c=3.5.
Adiabatic Contraction
As the baryons start to collapse into a protostellar cloud at the center of the DM halo, the DM responds to the changing gravitational potential well. We use adiabatic contraction (AC) to describe this increase in DM density. The baryons radiate energy and lose angular momentum. The DM particles (in contrast) conserve certain adiabatic invariants; for instance, pdq is an adiabatic invariant for periodic orbits. We outline here the Blumenthal method [65, 66, 67] . We specialize to the case of circular orbits (noting that it also applies to purely radial orbits) and assume that orbits do not cross. A DM particle orbiting further out will not cross the orbit of a DM particle further in which implies that m(r i ) χ = m(r f ) χ where m χ is DM mass interior to a radius r. Here r i is the initial radius before the baryons fall in and r f is the radius of the DM particle after infall. With the conservation of momentum and energy, rm(r) is constant for each DM particle, where r is the radius of the orbit and m(r) is the mass interior to a radius r. The mass consists both of a dark matter component m χ and a baryonic component m B with m = m χ + m B . As the baryons fall in, r must then decrease. For instance if the mass of the Sun grew slowly, the Earth's orbit would shrink.
The Blumenthal method, despite its simplicity, is remarkably accurate in estimating the effect of adiabatic contraction in general. Given an initial distribution of dark matter and baryonic matter, we can then find the final DM profile if we also know the final baryonic distribution. By performing exact calculations for spherical halos [51] , we found that the simple Blumenthal method [65, 66, 67] gives reliable results for the final DM densities up to a factor of two; others have confirmed this conclusion [50, 18, 24] .
In our early work, we probably underestimated the lifetime of the DM inside the star due to AC. At first we treated the DM halo as spherical and ran up the DS mass to the point where the DM initially inside the star was entirely consumed by annihilation. The DS mass at this point is O(10 3 )M after a lifetime of ∼ 300, 000 years, and the amount of DM consumed has only amounted to ∼ 1M . In a spherical DM halo, the orbits of DM particles are planar rosettes [68] , conserving energy as well as all three components of angular momentum; consequently the central hole (or "empty loss cone") that results from DM annihilation cannot be repopulated once it is depleted. However, it is well known that DM halos formed in hierarchical structure formation simulations are not spherical but are prolate-triaxial [69, 70, 71, 72, 73] with typical axis ratios of (short-axis)/(long-axis) ∼ 0.6 − 0.8. In triaxial potentials, the orbits do not conserve angular momentum. In particular, there are two families of "centrophilic orbits" (box orbits and chaotic orbits) which oscillate back and forth through the potential and can travel arbitrarily close to the center [74, 75, 76, 77, 78, 79, 80] . Since DM halos are known to be triaxial this suggests that the duration for which the central hole remains full (i.e. has orbits with the low angular momentum necessary for annihilation) can increase from 300,000 years to as much as 3 × 10 9 yrs. Several studies of the shapes of DM halos have shown that when baryons condense into the center of the DM halo, the shape of the inner region (0.3 ×r vir ) becomes nearly spherical [81, 82, 83] . This raises the concern that the formation of the DS itself would lead the DM halo to convert from being triaxial back to being spherical before the DS reaches supermassive sizes. In a series of papers, Ref. [84, 85] carried out a detailed statistical analysis of the orbital properties of DM particles in triaxial and prolatetriaxial halos in which baryonic components were grown adiabatically. They analyzed over 20,000 randomly selected halo orbits as a function of radius using an automatic orbit classification tool that relies on the fundamental oscillation frequencies of each orbits (using frequency mapping), [86, 87] . It has been shown in [84, 85] that the orbits of DM particles remain primarily centrophilic ("box" orbits and chaotic orbits) in the inner most regions of the DM halo despite the fact that the halos become quite close to (but not exactly) spherical. More recently, [88] analyzed DM halo particles in a fully cosmological hydrodynamical simulation of a disk galaxy, part of the McMaster Unbiased Galaxy Simulations [89] . They found that, in the fully cosmological simulations, DM halos became even more spherical than when the baryonic components were grown adiabatically, none-the-less an even more significant fraction of DM halo particles remained on box and chaotic orbits, indicating that, even when the full hierarchical merger history of a halo is considered, DM particles will continue to be on orbits that penetrate to the central cusp, thereby continuing to provide heat for the DS.
As a consequence of the prolonged period of dark matter heating, supermassive DSs (SMDS) can result, with masses up to 10 5 − 10 7 M and luminosities up to 10 8 − 10 11 L . The amount of dark matter required inside the star to sustain long enough DM heating to reach these stellar masses is still small; e.g. ∼ 100M for a 10 5 M SMDS for an accretion rate ofṀ = 10 −1 M /yr and ∼ 10 4 M for an accretion rate ofṀ = 10 −3 M /yr, out of a total 10 6 M halo. In reality, DSs will form in a variety of environments and experience mergers during their life times. Such mergers could disrupt or enhance the growth of SMDS at various stages resulting in DSs of a variety of masses.
Dark Matter
Capture Until now we have only discussed the dark matter brought into the DS purely by gravity (studied using adiabatic contraction). However, the DM reservoir inside the DS can be refueled by DM capture. This refueling requires an additional piece of particle physics: scattering of DM off the atomic nuclei inside the star. This is the same elastic scattering that is the origin of searches for detectable signals in dark matter "direct detection experiments," such as DAMA, Xenon-based detectors, SUPERCDMS, CRESST, PICO, and many others. The role of captured DM in DS was first noticed simultaneously by [17, 52] . The capture rate is sensitive to two uncertain quantities: the scattering cross section of WIMP interactions with the nuclei and the background DM density.
The cross section for elastic scattering depends on the coupling of DM to ordinary matter. The two cases most often considered are "spin-independent" (SI) and "spindependent" (SD) scattering. For WIMP masses above ∼ 1 GeV, the constraints on spinindependent scattering are much stronger than for spin-dependent scattering. Hence, we consider here the optimal case for capture in DS, namely SD scattering. The PICO experiment [90] has preliminary constraints which are the most restrictive for SD scattering, σ < 10 −39 cm 2 for m χ = 30 GeV (and much weaker for other masses). For m χ ∼ 1 GeV, the bound is roughly σ < 10 −37 cm 2 [91, 92, 90] . * In the interesting case of a high DM density environment, the additional DM power due to captured DM can allow the DS to keep growing, to the point where SMDS of mass > 10 5 M can result, see [13] . Thus, SMDS can arise due to two separate DM populations: the DM brought in via gravity (extended AC) or the DM brought in via capture. The two different types of SMDS are quite different objects as we show below.
Results of Stellar Structure Analysis
In this section, we discuss the results of our stellar structure analysis for a variety of cases. We show results for both the case of "extended AC " (where DM is brought into the star via gravity only) as well as the case "with capture" (where DM is captured in the star via elastic scattering). We consider a range of WIMP masses m χ = 10 GeV, 100 GeV, and 1 TeV. We show results using our two approaches: the polytropic equation of state as well as the MESA stellar evolution code. In this section, we use the accretion rate and halo size defined in Eqn. (8); for other cases our results can be found in our series of papers. Figures 2-5 show the stellar models that are the result of our analysis. Figures 2 and 3 were obtained using polytropic stellar interiors [13] , while Figures 4 and 5 are our results using the MESA stellar evolution code [15] . Figure 2 shows the luminosity evolution of a DS for the case of adiabatically contracted DM only (no capture) for polytropic interiors and assuming that the DM runs out when the star reaches about 800 M at roughly 0.3 Myr after the beginning * Spin-independent scattering has much stronger constraints. For m χ ∼ 1 GeV, CDMSlite [93] constrains the cross section to be less than roughly 10 −40 cm 2 . For m χ = 30 GeV, LUX constrains the cross section to be less than 4 × 10 −46 cm 2 [94] . Colliders (assuming effective operators with a large cut off) can also in some cases provide constraints; though the validity of the effective operator approach is not general [95, 96] . In those cases where the effective operator approach is valid, CMS and ATLAS constrain the spin-dependent cross sections to σ < 10 −40 cm 2 for m χ < 100 GeV and this weakens to σ < 10 −39 cm 2 for m χ above a few hundred GeV. Also, for energies (DM masses) above the cut off mass, the constraints should not be trusted since an effective operator approach is invalid. Figure 2 . Luminosity evolution for the case of 100 GeV WIMP mass as a function of time (lower scale) and stellar mass (upper scale). Results were obtained assuming polytropic interiors for the DS. The solid top curve is the total luminosity. The lower curves give the partial contributions of different sources of energy powering the star without capture. The total luminosity is initially dominated by DM annihilation (the total and annihilation curves are indistinguishable until about 0.3 Myr after the beginning of the simulation); then gravity dominates, followed by nuclear fusion. We note that DS could continue to be DM powered for a much longer time than the case shown here; in this plot we have cut off the DM heating by hand at 0.3 Myr. (Figure  from [12] .) of the simulation. This cutoff in the lifetime of the DS phase was obtained using the overly conservative assumption that DM would run out inside the DS at that time (based on the incorrect assumption that the DM halo is spherical; see the discussion above). In reality, the DS could keep growing for a much longer time, depending on its DM environment. The various contributions to the luminosity in Equ. (15) are plotted as well as the total luminosity (solid curve). The total luminosity is initially dominated by DM annihilation; then gravitational contraction dominates, followed by nuclear fusion.
The Hertzsprung-Russell diagram resulting from our studies using polytropic interiors in Ref. [13] is shown in Figure 3 . The DS travels up to increasingly higher luminosities as it becomes more massive due to accretion. As the mass increases, so does the surface temperature. In the cases "with capture", we have taken the (overly conservative) assumption that the DM from adiabatic contraction is depleted after ∼ 300, 000 yrs as in our earlier papers; then the luminosity plateaus for some time, while the DS contracts until, eventually, it is dense enough to capture further DM.
We note that, for the case "without capture", the H-R diagram is unchanged by (8) and a variety of WIMP masses as labeled for the two cases: (i) "without capture" but with extended adiabatic contraction (dotted lines) and (ii) "with capture" (solid lines). Results were obtained assuming polytropic interiors for the DS. The case with capture is for product of scattering cross section times ambient WIMP density σ cρχ = 10 −39 cm 2 × 10 13 GeV/cm 3 . Also labeled are stellar masses reached by the DS on its way to becoming supermassive. The final DS mass was taken to be 1.5 × 10 5 M (the baryonic mass inside the initial halo), but could vary from halo to halo, depending on the specifics of the halo mergers. (Figure from [13] ).
varying the accretion rate: only the time it takes to get from one mass stage to the next changes, but the curves we have plotted apply equally to all accretion rates. Similarly, given m χ , the following quantities are the same regardless of accretion rate: R * , T eff , ρ c , and T c , where R * is the radius of the DS, T eff is its effective temperature, ρ c is the central baryon density, and T c is the central (core) temperature of the DS.
The Hertzsprung-Russell diagram obtained with MESA can be found in Fig. 4 for the case of extended AC. DM capture and fusion have not yet been included, and work is in progress to implement these as well. In general, we found remarkably good overall agreement with the basic results of the polytropic models; however there are some differences. Using MESA, we found that, in the mass range of 10 4 − 10 5 M , our DSs are hotter by a factor of 1.5 than those in [13] , are smaller in radius by a factor of 0.6, denser by a factor of 3 − 4, and more luminous by a factor of 2. Thus, the overall colors of our DSs are not very different from the polytropic models, while the higher luminosities we find improve the prospect of observability of DSs with upcoming space telescopes, such as the JWST.
The density and pressure distribution within a supermassive DS of 10 5 M obtained using the MESA code can be found in Fig.5 . As expected from earlier results, the DM density is roughly three orders of magnitudes below the baryonic gas density, i.e. the DM mass contribution in DS is very small, see left-hand-plot. For the example shown in Fig.5 , the total mass in DM only amounts to about 20M , or 0.02% of the DS mass. The shape of both density profiles as well as their absolute magnitude agrees excellently with the results in Fig.3 , case 1 of [12] . The right-hand-plot of Fig.5 shows the total pressure inside the DS as a function of radius. To this end, we plot MESA's accurate result together with the known run of polytropes of index n = 3/2, n = 3 and n = 4. Except close to the surface, we can see that supermassive DS can be very well approximated by (n = 3)-polytropes, as has been found in [12, 13] , and as we have described above. In fact, our MESA results confirm even the overall evolution of the internal pressure distribution and energy transfer of DS on their way of becoming supermassive, as follows. While MESA does not need to rely on the assumption of polytropic equation of states, we can still define an 'effective polytropic index' via
where P and ρ are the exact MESA values for the pressure and density, with P c and ρ c their values at the DS center. For low-mass DS with a stellar mass around (10 − 20)M , n eff is close to the value of 3/2, appropriate for a fully convective star. This value steadily increases to above n eff = 2 for more than 100M . Around this point, the luminosity due to radiation transfer starts to be of the order of the luminosity due to convection, i.e. L rad ∼ L c . As the DS continues its mass growth, n eff continues to approach a value of 3, and L rad becomes increasingly important. The energy transport in supermassive DS is thus dominated by radiation transfer. In a beautiful paper in 1963, Hoyle and Fowler [97] studied supermassive stars in excess of 10 3 M and found results germane to our work. They treated these as (n = 3)-polytropes (just as we do) dominated by radiation pressure, and found the following results: R * ∼ 10
While some of the details of their calculations differ from ours, taking the central temperature appropriate to DS in the above relations roughly reproduces our results (to O(1)). By using the temperature appropriate to DSs with extended AC (T c ∼ 10 6 K) rather than the much higher central temperature (T c > 10 8 K) appropriate to nuclear power generation, the above relations show that DS have much larger radii and smaller surface temperatures than fusion powered stars. We wish to draw particular attention to the fact that luminosity scales linearly with stellar mass, and is independent of power source.
The cases with capture all take place at higher stellar densities than the cases without; the density must be high enough to be able to capture WIMPs. Consequently, the surface temperature is larger and accretion is shut off more easily by radiation coming from the star. Between 50,000 K and 100,000 K feedback effects are included, and they act to reduce the accretion rate, but they never shut it off entirely for densities above 5 × 10 10 GeV/cm 3 . In reality, a star that is moving around can sometimes hit pockets of highρ χ (where it is DM powered and grows in mass) and sometimes hit pockets of lowρ χ (where fusion takes over). As long as the ambient density remains at least this large, the star can reach arbitrarily large masses and eat the entire baryonic content of the halo (see also 4.3.3).
As described previously, the capture mechanism depends on the product of scattering cross section times ambient density, σ cρχ , rather than on either of these quantities separately. Hence our current discussion could trade off ambient density vs. cross section. For example, the product is the same forρ χ = 5 × 10 10 GeV/cm 3 and σ c = 10 −39 cm 2 as it is forρ χ = 10 14 GeV/cm 3 and σ c = 5 × 10 −43 cm 2 . Thus, for the highest reasonable ambient density, the scattering cross section can be several orders of magnitude lower than the experimental upper bound for spin-dependent (SD) scattering and still provide substantial capture in DS.
Above ∼ 100M , one can see that the stellar luminosity scales as L * ∝ M * and is the same for all models for a given stellar mass; this statement is essentially true for all stars no matter the power source. The reason is that at these masses, the star is essentially radiation pressure supported throughout . This same scaling in supermassive stars was already noticed by [97] . The luminosity essentially tracks (just below) the Eddington luminosity which scales as L Edd ∝ M * .
The curves with higher values of WIMP mass m χ lie to the left of the curves with lower m χ . This can be understood as follows. The DM heating rate in Equ.(1) scales as Q ∝ ρ 2 χ /m χ . Hence to reach the same amount of heating and achieve the same luminosity, at higher m χ the DS must be at higher WIMP density, i.e., the stellar radius must be smaller, the DS is hotter, and the corresponding surface temperature T eff is higher. Also, for higher m χ the amount of DM in the star is smaller since the star is more compact for the same number of baryons, but ρ χ ∝ n 0.8 where n is the hydrogen density. The same reasoning applies for the location of DS in the HR diagram calculated with MESA.
The caveat in the above discussion is that in order to continue to grow, the DM orbits must continue to penetrate into the middle of the DS for a greater length of time; it is the DM heat source that keeps the DS cool enough to allow it to continue to accrete baryons. Additionally, the assumption that baryons continue to accrete onto the DS must continue to hold. Yet, in the time frame required, the original 10 6 M halo will merge with its neighbors, so that both the baryon and DM densities are disturbed. These mergers could affect the DS in one of two ways: either they provide more baryons and DM to feed the SMDS so that it ends up being even larger, or they disrupt the pleasant high DM environment of the SMDS so that it loses its fuel and converts to an entirely fusion powered star. Continued growth of the DS is quite plausible since simulations with massive BHs in mergers show that they prefer to sit close to the center of the density distribution or find the center in a short time after the merger. Unlike BHs however, DS are made up of dissipative baryons. Consequently, mergers/collisions may enable them to merge much more rapidly than BHs could.
Someday detailed cosmological simulations will be required to answer this question. Individual DSs in different haloes may end up with a variety of different masses, depending on the details of the evolution of the halos they live in. The case studied in [13] and [15] is clearly a simplistic version of the more complicated reality, but illustrates
There is a slight deviation for the 10 3 M case without capture, where the star is still only 78% radiation pressure supported with the remaining pressure due to gas. the basic idea that supermassive stars may be created by accretion onto DS, either with or without capture.
Response to criticism
Before we move on to describe the observable properties of DS, we would like to address some recent critiques of the feasability of a DS phase. The concern is whether DS are ever able to form at all; we feel that the issues raised in the criticism are easy to address.
First, References [98] and [99] have performed simulations of collapsing protostellar clouds and noted that the collapse continues past the hydrogen density quoted in [10] as the point where DM heating starts to dominate. This fact led to the incorrect conclusion that DM annihilation is not potent enough for the establishment of a DS in hydrostatic equilibrium, powered by DM heating. However, there is in reality no disagreement between the results of these simulations and the existence of a dark star. Once the DM power dominates, the protostellar object must indeed collapse further before it becomes a real star, in hydrostatic and thermal equilibrium. Specifically, the objections have arisen because for 100 GeV WIMPs, the simulations of [98] and [99] found that the collapse continues past a hydrogen density n h = 5 × 10 14 cm −3 , which is the limit of their simulations. Indeed we agree [11] and [12] that the cloud continues to collapse past this point; and we find that the initial dark star forms later, when the hydrogen density is n h ∼ 10 17 cm −3 , three orders of magnitude higher than the limits of the simulations (see [100] for a more quantitative response to this critique). The aforementioned simulations are unable to reach densities this high, and are therefore unable to directly address the dark star regime. A very interesting project would be to push the simulations further to observe the actual formation of the dark star.
Second, concern has been addressed in [101] that the DM accessible to the DS at the centers of minihaloes may run out rapidly enough, so as to limit the DS phase to only a few thousand years. However, as we have described in Section 4.3.2, typically half of the dark matter orbits come in from far outside the small region near the halo center that is studied in the simulations; these dark matter particles do indeed continue to replenish the DM required for DSs to grow.
Finally, in existing simulations in the papers criticizing our work, there are inaccuracies in the energy injection that should be corrected: the prescriptions for the treatment of the effect of DM annihilation energy injection into the primordial protostellar gas are valid only for much smaller particle energies than those expected in the energy cascades upon WIMP decay. The effect of the latter, however, changes the overall energetics and heating within the molecular cloud in which the first star forms, and is thus critical in assessing the onset and resilience of the DM powered phase † †. † † We note that in our original work, we required that the WIMP annihilation products have at least 80 radiation lengths in the DS -this is overkill in ensuring that they will be trapped. Our work did take into account the electromagnetic cascades experienced by WIMP annihilation products with energies exceeding 100s of MeVs.
Once a DM powered, hydrostatic object forms -a dark star, the DM heating can be treated as an integrated quantity over the volume of the DS.
Detectability of Dark Stars with the James Webb Space Telescope
In [13] and [102] , some of the authors of this paper studied the capability of the upcoming James Webb Space Telescope (JWST) to detect supermassive dark stars (SMDS). As shown above, if the first stars are powered by dark matter heating in triaxial dark matter haloes, they may grow to be very large > 10 6 M and very bright > 10 9 L . These SMDSs would be visible in deep imaging with JWST and even the Hubble Space Telescope (HST) [103] .
The Hubble Space Telescope (HST) has carried out a series of deep imaging surveys (the Hubble Ultra-Deep Field (HUDF), Extreme Deep Field (XDF)) of a small patch of sky in the constellation Fornax in order to detect galaxies in the early Universe using the near infrared camera WFC3 with multiple broad band filters (centered on 1055.2 nm (Y-Band), 1248.6 nm (J-Band), and 1536.9 nm (H-band)). HST has successfully identified (using the dropout technique described below) galaxies at redshifts z ∼ 7 − 10 [104, 105, 106] .
JWST will be a large infrared telescope with a 6.5-meter primary mirror and is expected to be launched in 2018. JWST is an international collaboration between NASA, the European Space Agency (ESA), and the Canadian Space Agency (CSA). Four infrared instruments are being built for JWST: the Near InfraRed Camera (NIRCam), the Near InfraRed Spectrograph (NIRSpec), the Mid-InfraRed Instrument (MIRI), and the Fine Guidance Sensor/ Near InfraRed Imager and Slitless Spectrograph (FGS-NIRISS) and are sensitive to wavelengths from 600 nm (optical red) to 28,000 nm.
In order to determine the sensitivity of the HST and JWST instruments to DSs, some of us [102] (with the help of Pat Scott) found what SMDS would look like: we obtained the spectra of SMDS with the publicly available TLUSTY [107] synthetic stellar atmospheres code. This code accounts for not only the black body radiation from the photosphere of the DS, but also accounts for absorption lines arising from the cooler gas in the atmosphere of the star. The spectra for the case of 10 6 M DS that formed via the two mechanisms of extended AC and capture are shown in Figure 6 .
We [102] studied the sensitivity of JWST to detect dark stars. We showed that SMDS in the mass range 10 6 − 10 7 M are bright enough to be detected in all the wavelength bands of the NIRCam on JWST (but not in the less sensitive MIRI camera at higher wavelengths) with ultra deep exposures of 10 6 seconds. Figure 7 illustrates the spectra for SMDS and compares them to the sensitivities of JWST filters.
We used sensitivity limits from previous HST surveys to place bounds on the numbers of SMDSs that may be detected in future JWST imaging surveys, following the approach of [26] . Furthermore, [26] and [102] showed that SMDS of 10 7 M are so bright they would have already been detected by the HST extreme ultra deep field surveys if they existed at redshifts of 12 or lower. The absence of a DS detection in the HST deep field surveys probably rules out supermassive DSs of this mass, but less massive DS (e.g. ∼ < 10 6 M ) could exist. Also, the probability of detection depends on the unknown fraction of dark matter halos that could host DSs.
The "dropout" technique can be used to determine the redshift of an object that is too faint for spectroscopic study. Here the object is detected in filters centered at one (or more) frequencies but not in lower frequency filters; it is invisible in the lower frequency bands because the light has been swallowed by Lyman-α absorption. The redshift of the object can then be identified because of the knowledge of the frequency at which the Lyman-α absorption was significant. The objects will be detectable in filters centered at higher wavelengths but not in the band including the redshift of the object due to Lyman alpha absorption. Objects existing at z ∼10, 12, or 14 will be detectable as J-band, H-band, or K-band dropouts, respectively HST has been able to find objects as J-band dropouts, meaning that their redshifts are z ∼ 10. Whereas JWST is not particularly better than HST at finding J-band dropouts, it will be significantly better at finding SMDS as H-band and K-band dropouts at higher wavelengths, corresponding to objects at z ∼ 12 and 14 respectively. In the case of H-band dropouts, the object can be seen in the F200 NIRCam filter of JWST but not in the F150 NIRCam filter. We require the difference between the broadband fluxes in the H 150 and K 200 filters to be greater than 1.2 AB magnitudes. We see that the SMDS stellar light seen with JWST's K 200 filter is essentially unaffected by Ly−α absorption until z ∼ 15, whereas the IGM absorption will cut off most of the flux in the H 150 at z ∼ > 11.5 (see Figure 8) . Hence, SDMS can appear as H-band dropouts. We estimated the number of SMDS that JWST should be able to discover. With a total survey area of 150 arcmin 2 (assuming a multi-year deep parallel survey), we found that typically the number of 10 6 M SMDSs expected to be discovered as H or K-band dropouts is ∼ 10 5 f , where the fraction of early DM haloes hosting DS is likely to be small, f ∼ < 1. If the SDMS survive down to z =10 where HST bounds apply, then the While individual SMDS are bright enough to be detected by JWST, standard Pop III stars (without dark matter annihilation) are not; they would instead contribute to the detectability of first galaxies with total stellar masses of 10 6 − 10 8 M . It will be interesting to re-assess DS detectability in more detail, in light of the new MESA results. Differentiating first galaxies at z>10 from SMDSs may be possible with spectroscopy. As described in the next section, a new interesting method of differentiating SMDS from galaxies will take advantage of the fact that SMDS may pulsate, with timescales of the order of months in the observer's frame. If cool, bright objects are found to pulsate, then they are likely SMDS. 
Dark star pulsations: a new avenue of detectability
Some of the authors have embarked on studying an entirely new avenue of DS astrophysics, namely DS oscillations and pulsations. The usage of a fully-fledged stellar evolution code like MESA permits us to study such pulsations, which are deviations from hydrostatic equilibrium, see [15] . There are traditionally two classes of stellar pulsations: acoustic modes, or p-modes, where pressure is the restoring force, and gravity modes, or g-modes, where buoyancy, i.e. gravity, is the restoring force (the limit case of 'surface gravity modes' are also called f-modes). Our analysis shows that g-modes are most likely not to be found in supermassive DS, since their interior, albeit radiation-dominated, is subject to weak convective instability; however, p-modes are permitted. As a first step, we calculated the adiabatic pulsation periods of radial modes (i.e. those for which there is no angular dependence, so l = 0) with different overtone number n, where n = 1 is the fundamental or "breathing" mode, and n > 1 are higher overtone modes. In Fig.9 , we plot the restframe pulsation periods as a function of DS mass for the halo environment SMH in eq.(8) and a WIMP mass of 100 GeV. The periods are considerably shorter for higher overtone numbers. For the example shown in Fig.9 , the restframe of a DS with 10 5 M is at z 14.82. Converting to the observer's frame, the periods range from 6323 days for n = 2, down to 127 days for n = 8.
In general, we find that our DS models pulsate on timescales which range from less than a day to more than two years in their restframes at about z = 15, depending on the WIMP mass and overtone number. The pulsation periods are significantly shorter for higher WIMP mass. Converting to the observer's frame, the shortest periods we found are less than about 50 days for modes with n > 6 and a WIMP mass of 1 TeV [15] .
Work is in progress to study DS pulsations more quantitatively, in particular possible driving mechanisms of DS pulsations. Preliminary results suggest that the traditional κ − γ mechanism could occur in DS, as well. Another possible driving mechanism may be related to DM itself: small perturbations of the DS could lead to local changes in the baryonic and DM densities, modulating the DM heating rate, in turn. If supermassive DS are found to pulsate, this would represent yet another way of distinguishing DS observationally from galaxies at high redshifts. If the pulsations are detectable, DS may in principle someday be used as novel standard candles for cosmological studies.
Dark stars as seeds for supermassive black holes in the Universe
Supermassive black holes (BH) are ubiquitous throughout the Universe. Observations of quasars at redshifts above z ∼ 6 suggest the presence of supermassive black holes (SMBH) in excess of 10 9 M at a time when the Universe was not even a billion years old [108] . In addition, SMBH are found at the centers of nearly all galaxies, and their masses appear to to be well correlated with numerous properties of the spheroidal components of their host galaxies [109] . The origin of the scaling relations between host galaxies and their SMBHs remains an actively researched topic. One issue that remains unsolved is the origin and mass distribution of the seed black holes that eventually grow into supermassive ones. It is generally believed that there is not enough time for stellar mass black holes that result from the death of massive stars to accrete at a high enough rate to grow into the SMBHs that power high redshift quasars. Some physical mechanism is required to produce intermediate mass seed black holes of 10 3 − 10 5 M onto which further accretion can take place. One picture of black hole seed formation is the direct collapse of gas clouds in the center of minihalos [110] . Begelman's [111] "quasi stars" offer another route to the formation of SMBH.
As we have seen, SMDS could form in a variety of halo environments, ending up with different final stellar masses. We described earlier in this review the case of SMH (see Eq. (8)). Alternatively, in the Large Minihalo Case (LMH) of Eq. (9), a hydrogen/helium molecular cloud may start to contract in a 10 8 M halo. Here the virial temperature is sufficiently high for the gas cloud to cool by hydrogen line cooling; then the higher temperature implies a larger accretion rate of 10 −1 M /yr. We studied the growth of SMDS using both polytropes and MESA for this LMH case. The amount of baryonic mass in these larger haloes is 1.5 × 10 7 M , and potentially, all of this mass could go into the SMDS.
Dark stars could provide seeds for the many supermassive BH seen throughout the Universe and at early times. Once the dark matter fuel inside a dark star is exhausted, then the star contracts to maintain pressure support. Lighter DS become fusion powered for ∼ 10 6 years before collapsing to black holes. On the other end of the spectrum, the most massive supermassive dark stars may collapse directly to supermassive black holes with masses of > 10 5 M without any fusion phase at all, similar to the monolithic collapse of central gas clouds in the more traditional scenarios of forming supermassive black holes. Either mechanism would clearly help to provide seed BHs that might explain the many SMBHs found throughout the Universe.
Recently, subsequent to our work on supermassive dark stars, there has been renewed interest in supermassive stars of purely gas origin. These resemble SMDS in many ways and may also serve as explanations of SMBH; see [112, 113, 114, 115, 116] for more details. Another new idea for explaining the existence of SMBH has been proposed in [117] , where a black hole moving inside of a star cluster can have rapid accretion and become very massive.
Gamma-Ray Constraints
Gamma rays can constrain the mass and abundance of DS. Here we review the constraints obtained (by some of the authors of this review) [118, 119] by comparing the γ-rays measured by the FERMI Gamma Ray Space Telescope [120] with the predictions of γ-ray annihilation products from the remnants of early DSs in our Galaxy today (see also [121] ). In hierarchical structure formation, smaller halos are incorporated into larger halos. Some of the same halos which hosted the first stars now have merged inside our own Milky Way Galaxy. As a consequence there may be a large number of remnant BHs inside our Galaxy. After a DS dies, the remaining BH can still be surrounded by a DM reservoir in the form of a dark matter "spike." Annihilation of the DM inside the DS spikes can produce a copious number of gamma rays due to the high DM density. These γ-rays can be detected by FERMI. Figure 10 . The number density of black hole spikes in the Milky Way as a function of Galactic radius for star formation models with Early (green), Intermediate (red), and Late (blue) z f as described in the text and assuming 100 percent efficiency in dark star formation. Curves have been obtained using the Via Lactea (VL) II N-body simulation. The black points illustrate the total dark matter density profile at z = 0 in VL-II; although the normalization of these points is arbitrary, it is useful to illustrate that the total DM profile is more extended than the distribution of black holes with DM spikes. Also shown as a solid grey curve is the analytical fit found in Ref. [122, 123] . Many black holes of mass 10 − 10 5 M that formed at the centers of minihalos survive in the universe today. Assuming some fraction of high redshift minihalos hosted DS, one can estimate the distribution of their remnant black holes today. Although some of the original minihalos would have merged with other DM halos, resulting in disruption, one can still follow the evolution of the black holes and their DM spikes in simulations. Some of us [118, 119] used the Via Lactea-II N-body simulation [124] to track black hole spikes from the redshift of their formation to z = 0. In this way, the black hole population could be estimated in a galaxy like our Milky Way today.
The number of spikes depends on an important parameter -the range of redshifts during which the first stars can form. Since the redshift at which the increasing UV background and/or metal enrichment results in the truncation of first star formation is poorly constrained, three scenarios were examined for the end of first star formation: Early (z f = 23), Intermediate (z f = 15), and Late (z f = 11). Fig. 10 illustrates the number density of BH spikes as a function of Galactic radius for these three cases. The late scenario has the largest number of spikes. Fig. 11 shows the contracted halo profiles today for DM spikes due to black holes of various masses for the case where the central object formed at z = 15. We note that the power law portion of the profile is independent of WIMP mass. In the central regions, closest to the black hole, some of the DM has annihilated away in the time since the formation of the central mass.
A series of papers [118, 119] explored the detection prospects for gamma rays produced in dark matter annihilations in the DM spikes surrounding black holes for a range of star formation scenarios, black hole masses, and dark matter annihilation modes. A more massive dark star will have more adiabatic contraction, which will generate a larger spike, as seen in Fig. 11 . In addition, the DM particle properties will also affect the the number of gammas produced. For instance, low mass DM will have a higher annihilation rate compared to a more massive DM particle (for a fixed cross section). Different annihilation channels produce different number of photons. Leptons produce significantly fewer photons compared to gauge mediators and quarks. Hence, a 10 GeV WIMP annihilating into bb will produce many more gammas compared to 100 GeV WIMP annihilating into leptons such as µμ.
The data from the Fermi Gamma-Ray Space Telescope (FGST) were used in a two-pronged approach to constrain the number of black holes in the Milky Way halo and, consequently, the number of DSs that could have formed at early times. First, the FGST First Source Catalog [125] was used to find the minimal distance to the nearest DM spike such that it is not brighter than the brightest source observed by FGST. From the predicted distribution of such spikes in the Milky Way halo, a limit was extracted on the fraction of minihalos in the early universe to host a black hole (and survive as a DM spike in our Galactic halo today). Second the FGST measurement of the diffuse gamma-ray background was used to constrain the population of DM spikes contributing to the diffuse flux today, thereby setting a second limit on the fraction of minihalos in the early universe to become DM spikes in our Galactic halo. These data were used to constrain the efficiency of DS formation f DS , i.e., the fraction of early minihalos that contained DS and their black hole remnants. In Fig. 12 , we show the constraints from point sources and from the diffuse gamma ray background. One can see that the constraints are the strongest for very massive DS and for annihilation into quarks and gauge bosons. It is important to emphasize that the constraint is for halos which have a mass below 10 7 M . If the supermassive DS form inside halos more massive than 10 7 M , the constraints would be much weaker.
Dark Stars Existing Today
While it is possible for some of the first DM powered stars to exist today, perhaps in under-dense regions of the Universe where later star formation (with its accompanying ionizing photons) has not yet taken place, a more likely scenario is that later generations of stars may also become DM powered. High DM densities are the territories in which dark stars lurk. DM densities at the center of our galaxy provides a refuge "safe haven" for dark stars. The dark star menagerie has evolved and diversified. Dark stars today are not the supermassive stars of the past, but instead exist on a much reduced scale compared to their earlier glory due to the lower DM densities found at the Galactic Center compared to halos at high redshift. Only DS on the order of a solar mass or less can live on such reduced food supplies. In the Introduction, we already mentioned the earliest references on dark stars in the current Universe.
As with DS in the early universe, DS at the Galactic Center look a bit different from normal stars unaffected by DM heating. We summarize very briefly the changes made by DM heating on stars at the Galactic Center; see [126, 32] for more information. We also note that Ref. [42] have written the DarkStars code: a publicly available dark stellar evolution package. We take as the starting point a hydrogen burning star and examine the changes as DM heating also becomes important. Stars at the Galactic Center capture DM via scattering. As more DM is captured, DM heating begins to power the star. The negative heat capacity of a star causes it to expand and cool. Fusion becomes less important as the central temperature and density of the star drop. The star can reverse its descent onto the main sequence and instead traverses up the Hayashi track. Figure 13 illustrates the evolutionary tracks of stars of different masses, as WIMPs provide varying fractions of the stars' total energy budgets as shown. DS at the galactic center observationally would look like young stars. With a sufficient amount of DM heating, fusion shuts off completely. With a limitless supply of DM, the star's life can be extended indefinitely, at least much longer than if powered by fusion. Hence possibly both the first and last stars of the universe might well be Dark Stars.
A second breed of DS dubbed "WIMP burners" can live off DM as well [37, 39] . WIMP burners are degenerate stars (white dwarfs or neutron stars). At the Galactic Center, there are a large number of white dwarfs and neutron stars. Many of these stars, which would otherwise become fainter with time, can be warmed up by DM heating. While the rest of stars continue to evolve, white dwarfs and neutron stars (due to the DM heating) will appear anomalously hot and young.
Dark stars at the Galactic Center are potentially observable. The Galactic Center despite being nearby is shrouded in dust. In order to observe stars at the galactic center requires going deep into the near infrared, which will be possible with the next generation of telescopes. The 30 Meter Telescope (which will turn on in the next few years) can observe stars up to magnitude 22 in the K band which corresponds to stars with sub-solar masses [127] ; these could be affected by DM heating. JWST could also detect sub-solar mass stars at the Galactic Center. If DM affects stars at the galactic center, then the low mass end of the main sequence would develop a bump as the low mass stars are pushed up the Hayashi track. The high mass end of the main sequence will be unaffected by DM heating since the energy generated by DM heating will be Figure 13 . HR diagram showing the evolutionary tracks followed by stars of different masses, as WIMPs are allowed to provide different fractions of the stars' total energy budgets. The energy provided by WIMP annihilation is shown in the bottom left of each sub-plot as the ratio of the maximum luminosity achieved by WIMP annihilation to the initial luminosity due to fusion. Starting points of tracks are indicated with filled, unlabelled circles, whilst labelled circles give indicative ages during the evolution of 1.4 M stars. Simulations have been halted when the star exhausts its core hydrogen supply or reaches the current age of the universe. Stars with a greater luminosity contribution from WIMPs push further up the Hayashi track and spend longer there before returning to the main sequence. Those which come to be entirely dominated by WIMP annihilation (bottom right) evolve back up the Hayashi track on the thermal timescale and halt, holding their position well beyond the age of the universe. (Figure  taken from [126] with permission of authors.) small compared to energy generated via fusion. In the case of degenerate stars, white dwarfs will also look anomalously hot compared to the age of stars at the galactic center. Hence, the Galactic Center offers a good hunting ground for DSs.
Summary
Dark stars are stars made (almost entirely) of ordinary atoms but powered by dark matter (DM) annihilation (rather than by fusion). They are in hydrostatic and thermal equilibrium, but with an unusual power source. We discussed dark stars throughout the history of the Universe, both at early times and today. Our focus was the dark stars that may be the first stars to form in the Universe. We have reviewed how they come into existence, how they grow as long as dark matter fuel persists, and their stellar structure and evolution. The studies were done in two different ways, first assuming polytropic interiors and more recently using the MESA stellar evolution code; the basic results are the same. The structure and evolution of DSs can be seen in Figs. 2-5. DS are giant, puffy (∼ 10 AU) and cool (surface temperatures ∼10,000 K) objects. They initially weigh about ∼ 1M , and they grow via accretion from the surrounding material. As long as they have DM fuel, their surface temperatures remain cool enough that they can keep growing; they do not produce ionizing photons which prevent further accretion. Some dark stars may grow to be supermassive dark stars, even reaching masses > 10 6 M and luminosities > 10 9 L . It is interesting to speculate that the Initial Mass Function of the first fusionpowered stars may be determined by the details of the dark matter distribution resulting from cosmological structure formation. Individual DS in different haloes may end up with a variety of different masses, depending on the details of the evolution of the halos they live in. Then, the final DS masses determine the initial masses of the standard Population III stars. Once the dark matter fuel inside the DS is exhausted, then the star contracts to maintain pressure support. Lighter DS become fusion powered. On the other end of the spectrum, the most massive supermassive dark stars may collapse directly to supermassive black holes with masses of > 10 5 M without any fusion phase at all, thereby providing seed BHs for the many SMBHs found throughout the Universe. Thus, the initial masses of the first fusion-powered stars may depend on the DM environment within which the earlier DSs grow.
The supermassive dark stars are detectable in upcoming James Webb Space Telescope observations. We have shown their spectra and signatures in JWST. In addition, a new research direction is a study of pulsations in DS which lead to variability in their light output. Such variability could be used to tackle the question of how one can differentiate a DS from an early galaxy. Initial investigations found a variety of pulsation periods, including some which are of the order of months in the observer's frame. If the pulsations are detectable, DS may in principle someday be used as novel standard candles for cosmological studies. It will also be possible to learn about or even possibly discover WIMP dark matter by observing the properties of DSs.
We mention briefly an interesting speculation about another way to detect SMDSs. Black holes emit gravitational waves when the BHs in a binary merge. BHs (relative to DSs) are point masses. If DSs do grow to be quite massive, their mergers should also yield a gravitational wave signature. The fact that they are extended should make their gravitational wave signature distinguishable from that of SMBHs of similar masses. Could this be a potentially interesting way to detect DS with LIGO and maybe with LISA? Furthermore they are composed of relatively cool baryons so the EM signature should also be possibly quite distinct from that of the EM signature of a much hotter accretion disk.
The idea that a new type of star may be discovered in the near future is very exciting.
